Introduction
============

Osteoarthritis is a degenerative joint disease characterized by articular cartilage destruction, synovial membrane inflammation, and subchondral bone remodeling.[@b1-oarrr-10-135] This condition is estimated to affect more than 10% of the population over the age of 60 years and is a major cause of morbidity, disability, and limitations on quality of life.[@b2-oarrr-10-135]--[@b4-oarrr-10-135] With the rise in life expectancy, the prevalence of osteoarthritis is projected to increase further, resulting in a greater healthcare burden. The principles of treatment are to alleviate pain and stiffness and maintain function, with current consensus guidelines recommending the use of a combination of physical therapy, analgesia with paracetamol or NSAIDs, and surgical intervention where necessary.[@b2-oarrr-10-135]

The majority of individuals with osteoarthritis are managed successfully with a combination of the aforementioned treatments, but there is still a significant group of patients in whom these treatments do not provide adequate pain relief. Furthermore, there remains a lack of treatments available that have demonstrated effectiveness in stopping or reversing the degenerative process. Randomized controlled trials (RCTs) evaluating nonsurgical treatments on this topic are of poor methodological quality due to the lack of standardized outcomes and small sample sizes.[@b5-oarrr-10-135],[@b6-oarrr-10-135] Research has also focused predominantly on patients with osteoarthritis of the hip and knee, with less emphasis on the hands, which is more complex.

Recent progress in osteoarthritis research has improved our understanding of the pathophysiology of the disease.[@b7-oarrr-10-135] Specifically, the identification of the TGF-β and Wnt/β-catenin signaling pathways provide hope for a disease-modifying osteoarthritis drug.[@b8-oarrr-10-135],[@b9-oarrr-10-135] In recent years, several novel agents have emerged as potential treatment alternatives to improve pain, stiffness, and function with the possibility of altering disease progression. This review aims to provide an update on the most promising treatments and summarize the evidence base behind these agents.

Emerging therapies
==================

Serotonin--norepinephrine reuptake inhibitors
---------------------------------------------

Recent evidence has implicated central sensitization as an important factor in mediating pain in osteoarthritis.[@b10-oarrr-10-135]--[@b12-oarrr-10-135] The findings of Arendt-Nielsen et al lend support to this theory, where the authors observed abnormal windup in their cohort of patients with knee osteoarthritis.[@b13-oarrr-10-135] This finding may explain the limited efficacy demonstrated by analgesics such as paracetamol and NSAIDs that target peripheral sensitization. Both noradrenergic and serotonergic neurons modulate nociceptive processing in the spinal cord and periaqueductal gray area and are potential targets in improving pain in osteoarthritis.[@b14-oarrr-10-135],[@b15-oarrr-10-135] Chappell et al performed the first RCT comparing duloxetine with a placebo in 256 patients with knee osteoarthritis.[@b16-oarrr-10-135] In this trial, patients treated with duloxetine exhibited significant improvements in average pain score, Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) score, and Patient Global Impression of Severity index, which were observed within the first week of treatment. A subsequent RCT by Frakes et al reported that the addition of duloxetine to oral NSAID therapy was superior to oral NSAID therapy alone in reducing pain and improving function in patients with moderate to severe knee osteoarthritis.[@b17-oarrr-10-135] The most frequent adverse effects associated with duloxetine therapy included dry mouth, nausea, constipation, fatigue, and reduced appetite. These studies led to the approval of duloxetine for the treatment of chronic knee osteoarthritis by the Food and Drug Administration (FDA). Duloxetine is recommended by the American College of Rheumatologists in patients with inadequate response to conventional pharmacological agents.[@b18-oarrr-10-135] There are currently ongoing trials investigating milnacipran, which is used in fibromyalgia for osteoarthritis. A theoretical advantage of this drug over duloxetine is that it exhibits balanced affinity for noradrenergic and serotonergic reuptake transporters, thereby conferring superior efficacy.[@b19-oarrr-10-135],[@b20-oarrr-10-135]

Strontium ranelate
------------------

The rationale for testing strontium ranelate for the treatment of osteoarthritis was first proposed following post hoc analysis of spine radiographs from osteoporosis studies.[@b21-oarrr-10-135] A smaller proportion of patients treated with strontium ranelate experienced an increase in overall arthritis score and joint space narrowing compared with patients treated with a placebo. Strontium ranelate inhibits subchondral bone resorption by regulating the activity of osteoprotegerin, RANK ligand, and matrix metalloproteinases (MMPs) produced by osteoblasts.[@b22-oarrr-10-135] Correspondingly, this may have a direct effect on cartilage, thereby restoring the balance between the catabolic and anabolic effects of chondrocytes that occurs in osteoarthritis. This is supported by the observation that strontium ranelate promotes proteoglycan synthesis, which stimulates cartilage matrix formation in vitro.[@b23-oarrr-10-135] In their study on dogs, Pelletier et al observed that strontium ranelate treatment led to decreased expression of IL-1β and MMPs, which was accompanied by a reduction in osteoarthritis cartilage lesions and subchondral bone thickening.[@b24-oarrr-10-135] A recent RCT performed by Reginster et al enrolled 1,371 patients with symptomatic knee osteoarthritis.[@b25-oarrr-10-135] Patients were randomized to receive either strontium ranelate or a placebo daily for three years. The primary endpoint of this study was the change in joint space width (JSW) in the medial compartment. Secondary endpoints included pain and function. At the end of the study, patients taking strontium ranelate had 30% reduction in the rate of decline in JSW, which was accompanied by modest symptomatic improvement. It must be noted that there was a minimal effect on the overall WOMAC score and WOMAC pain subscore and a symptomatic benefit was only evident with a higher dose.

IL-1 receptor antagonists
-------------------------

The role of IL-1 in osteoarthritis has been well described. Analysis of synovial fluid of both human and experimental models of osteoarthritis revealed significantly elevated levels of IL-1, which correlated with the severity of radiographic changes.[@b26-oarrr-10-135] In in vitro and in vivo models, IL-1 stimulates the production of MMPs while reducing the production of aggrecan and proteoglycans, resulting in an imbalance in the catabolic and anabolic responses of stimulated chondro-cytes.[@b27-oarrr-10-135] These studies have implicated IL-1 signaling as the significant driving factor in the degenerative process occurring in the osteoarthritis joint, thereby making it a potential therapeutic target. In animal models, the use of an IL-1 receptor antagonist was associated with positive results in terms of cartilage preservation.[@b28-oarrr-10-135] However, the positive effects of IL-1 receptor antagonist have yet to be replicated in human trials. An RCT by Chevalier et al on 170 patients comparing two doses of anakinra (a recombinant modified human IL-1 receptor antagonist protein) with a placebo showed improvements in the WOMAC pain score after four days although this was not sustained till 12 weeks.[@b29-oarrr-10-135] A subsequent study performed by Cohen et al compared AMG 108, a fully human, immunoglobulin G2 (IgG2) monoclonal antibody against IL-1 receptor type 1 with a placebo in a two-part RCT.[@b30-oarrr-10-135] At the study endpoint, patients who received AMG 108 had greater pain improvement as reported by the WOMAC pain score, although this was not significant. Notably, patients with a high baseline level of pain (WOMAC index \>325) experienced greater pain improvements so the lack of significant difference may be the result of the small number of patients in that subgroup, which may contribute to the overall negative result. However, there is concern regarding the safety profile of AMG 108, which was found to decrease the neutrophil count and may have significant clinical implications. Despite the negative results, IL-1 receptor antagonist may exhibit a degree of clinical and structural benefit, which may be more apparent in patients with severe osteoarthritis.[@b29-oarrr-10-135] Current findings warrant further interrogation of the efficacy and safety profile in patients with severe osteoarthritis.

Antibodies to nerve growth factor (NGF)
---------------------------------------

NGF plays an important role in the development of the nervous system and pain. It is postulated that NGF signaling modulates the expression of peripheral and central pain-related substances and sensitizes adjacent nociceptive neurons in response to inflammation.[@b31-oarrr-10-135] Several experimental models have demonstrated that proinflammatory cytokines such as IL-1β and mechanical overloading increase levels of NGF, which explains the elevated levels of NGF found in synovial fluid of patients with osteoarthritis.[@b32-oarrr-10-135]--[@b34-oarrr-10-135] These findings led to the development of tanezumab, a highly selective humanized IgG2 monoclonal antibody against NGF. In the initial proof-of-concept study on 450 patients with moderate-to-severe knee osteoarthritis, tanezumab use resulted in three times greater improvement in knee pain, stiffness, and physical function compared with the placebo.[@b35-oarrr-10-135] A subsequent RCT conducted by Brown et al reported significant improvements in the WOMAC and Patient Global Assessment scores in the tanezumab group.[@b36-oarrr-10-135] However, several safety issues remain unanswered. In particular, tanezumab therapy was associated with an increased incidence of osteonecrosis, a finding that led the FDA to put the development program on hold in 2010. Following analysis of the 87 cases of osteonecrosis, Pfizer reported that only two cases displayed evidence of osteonecrosis, with a significant proportion of patients instead experiencing a syndrome of rapidly progressive and destructive osteoarthritis or subchondral insufficiency fractures of the affected joint.[@b37-oarrr-10-135] This was associated with higher doses of tanezumab and concomitant NSAID therapy. It is plausible that the significant pain relief associated with tanezumab treatment encourages more intensive use of the compromised joint leading to further wear and tear of the damaged cartilage. Based on evidence from phase III trials, tanezumab is efficacious at improving pain and function in osteoarthritis. However, the occurrence of osteonecrosis and rapidly progressive osteoarthritis warrant further evaluation as to whether these events occur because of inhibition of the NGF signaling pathway or due to the pharmacological profile.

Regenerative therapy
--------------------

The role of cell-based therapy in cartilage repair has grown rapidly as this strategy offers a long-term solution for the repair and regeneration of cartilage, which can delay or reverse the progression of osteoarthritis. Mesenchymal stem cells (MSCs) are a potential cell source as they can be easily obtained from a variety of tissue types including bone marrow, adipose tissue, and synovium. Furthermore, MSCs are intrinsically capable of rapid proliferation, chondro-differentiation, and immunosuppression. Davatchi et al studied the effect of autologous bone marrow-derived MSCs in four patients with moderate-to-severe knee osteoarthritis.[@b38-oarrr-10-135] Following injection of these MSCs into the knee joints, the authors reported mild improvements in pain at one year, which were sustained after five years.[@b39-oarrr-10-135] Orozco et al conducted a similar study using bone marrow-derived MSCs on 12 patients with moderate-to-severe osteoarthritis.[@b40-oarrr-10-135] Compared with the former study, a higher quantity of MSCs were used in this study. At one year follow-up, the VAS and WOMAC pain scores improved by 68% and 75%, respectively, which were statistically significant. Additionally, there was a significant decrease in poor cartilage areas, with improvement of cartilage quality in 11 of the 12 patients. However, harvesting MSCs from bone marrow is difficult, painful, and associated with complications. Thus, adipose tissue-derived MSCs may prove to be a more feasible alternative. An initial study by Koh et al utilized MSCs harvested from the inner side of the infrapatellar fat pad, which were prepared with platelet-rich plasma and administered to 18 patients.[@b41-oarrr-10-135] There were significant improvements in the WOMAC, VAS, and Lysholm scores as well as cartilage growth after two years of follow-up. However, a case--control study by Koh and Choi using the same technique failed to demonstrate any superiority compared with the placebo comprising platelet-rich plasma despite improvements from baseline.[@b42-oarrr-10-135] The effects of MSC-based therapies on clinical and structural outcomes are encouraging, but these have been confined to small case series. Larger scale studies with longer follow-up are required to fully assess the efficacy, safety, and feasibility of this treatment strategy.

Future therapies
----------------

MMP-13 and ADAMTS-5 are key matrix degrading enzymes in the pathogenesis of osteoarthritis. In the murine model of osteoarthritis, CL82198, an MMP-13 inhibitor effectively slowed progression of cartilage destruction, increased extracellular matrix production, and inhibited chondrocyte apoptosis.[@b43-oarrr-10-135] However, these findings have yet to be replicated in humans. To date, the only clinical study of an MMP inhibitor (PG-116800) was terminated because of musculoskeletal toxicity without clinical benefit.[@b44-oarrr-10-135] PG-116800 demonstrates affinity for a wide range of MMPs, including MMP-1 and MMP-7, which are thought to be implicated in the development of musculoskeletal toxicity.[@b45-oarrr-10-135] Thus, further research is necessary to fully assess the safety and efficacy of MMP inhibitors.

Chen et al investigated the use of an ADAMTS-5 inhibitor to treat osteoarthritis of the knee joint in rats.[@b46-oarrr-10-135] In this study, the combination of an ADAMTS-5 inhibitor (114810) and hyaluronic acid hydrogel ameliorated cartilage degeneration and promoted cartilage regeneration after 8 weeks, thereby confirming ADAMTS-5 as a promising target for osteoarthritis treatment. Additionally, syndecan-4 has been identified as an important regulator of ADAMTS-5 activation.[@b47-oarrr-10-135] The use of a syndecan-4-specific antibody therefore has the potential to prevent ADAMTS-5 activation and consequently, prevent the progression of osteoarthritis.

The majority of research into therapeutic targets has focused on the articular cartilage, but subchondral bone may play an important role in the disease process. TGF-β has been identified as an important mediator of subchondral bone development. Zhen et al reported TGF-β1 activation in subchondral bone in response to altered mechanical loading in an anterior cruciate ligament transection model of mouse osteoarthritis.[@b48-oarrr-10-135] Furthermore, the authors noted that inhibition of TGF-β activity in subchondral bone attenuated degeneration of articular cartilage. Additionally, the Wnt/β-catenin signaling may prove to be another promising target.[@b49-oarrr-10-135] In a recent study, Dkk-1 inhibition of this pathway was found to ameliorate the osteoarthritis in the mouse model.[@b50-oarrr-10-135] These findings underline the importance of considering osteoarthritis as a disease of the whole joint.

Apocynin and paeonol (APPA) are plant-derived compounds with anti-inflammatory and chondroprotective properties. Apocynin inhibits the neutrophil oxidative burst, while paeonol suppresses the expression of iNOS and cyclo-oxygenase-2.[@b51-oarrr-10-135]--[@b53-oarrr-10-135] Hence, the combination of these compounds (APPA) may prove beneficial in improving pain and function as well as limiting disease progression in osteoarthritis. In animal models, APPA treatment has demonstrated improvements in pain and function, with comparable effects to NSAIDs.[@b54-oarrr-10-135],[@b55-oarrr-10-135]

Conclusions
===========

Progress in osteoarthritis research has resulted in the identification of signaling pathways with potential mechanistic targets. This has led to the emergence of a variety of symptomatic and disease-modifying therapies in recent years. It is evident that osteoarthritis is not solely a disease caused by "wear and tear" of the joint rather a complex interplay between catabolic and anabolic effects of chondrocytes, which involves the entire joint. Given the multiple pathways involved in this disorder, it is unlikely that targeting a single molecule by a specific mechanism will be effective at combating the disease. As with other chronic disorders, the future of osteoarthritis treatment may lie in combination therapy.
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